the e 578 nm of the formazan from MTT is approximately The spectrophotometric cycling assay for the deter-1.3 mmol 01 mm 01 (4). This easily performed method mination of nicotinamide adenine dinucleotides in-allows routinely a sensitivity of 1 1 10 012 mol per assay volving 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetra-and is only limited by the presence of enzyme-bound zolium bromide as the final electron acceptor has been NAD(H) or NADP(H).
cose 6-phosphate (G6P) and glucose-6-phosphate dehydrogenase (G6PDH) are used for the determination of NADP(H), no inhibitor is available. G6P and G6PDH can be replaced by isocitrate and isocitrate dehydrogeAmong the methods currently available for the quan-nase because the reaction can be stopped by p-chlorotitative determination of nicotinamide adenine dinucle-mercuribenzoate (5) . Moreover, the sparing solubility otides, enzyme cycling assays are the most efficient, of the formazan in the aqueous reaction mixture and allowing a sensitivity of 1 1 10 08 to 1 1 10 013 mol per the high sensitivity to light of PES-MTT mixtures assay (1) . The method involving 3-(4,5-dimethylthiazo-make this assay difficult because measurements must lyl-2)-2,5-diphenyltetrazolium bromide (MTT) 1 as the be achieved in a short period of time and under dark terminal electron acceptor (2) with phenazine ethosul-conditions. fate (PES) as an electron carrier (3) is commonly used
In the present paper it is proposed that these diffi- (Fig. 1) . The coupling of NAD(P)-dependent dehydroge-culties can be overcome by stopping the enzymatic nase reactions with the reduction of tetrazolium salts assay with the addition of a highly concentrated NaCl is particularly advantageous because of the continuous solution, thereby avoiding the use of inhibitors and acreoxidation of the reduced coenzyme, and complete re-celerating the precipitation of the formazan. The latter actions are achieved in a short time and under simple product is further sedimented and solubilized with ethconditions. The relatively high absorbance of the anol. This improved method also has the advantage of formazan increases the sensitivity of the method since providing better sensitivity with less expensive reagents. 1 Abbreviations used: ADH, alcohol dehydrogenase; G6P, glucose MATERIALS and METHODS 6-phosphate; G6PDH, glucose-6-phosphate dehydrogenase; MTT, 3-Reagents. Reagents used were 100 units/ml alcohol (4,5 -dimethylthiazolyl -2 corded at 570 nm (ᮀ) in the reaction mixture or () after precipitation 20 mmol/liter stock solutions of nicotinamide adenine and solubilization in 1 ml 96% ethanol of the reduced MTT. Results dinucleotides, diluted to 4 mmol/liter before assay in 0.1 shown are the means of triplicates. mol/liter NaCl; 16.6 mmol/liter phenazine ethosulfate; and 1.0 mol/liter Tricine-NaOH buffer (pH 8.0). All reagents were obtained from Sigma Chemical Co. ex-and immediately homogenized with mortar and pestle cept NaCl, NaOH, and HCl (Merck). in 1 ml of 0.1 mol/liter HCl for NAD / or NADP / determination (three replicates) or in 1 ml of 0.1 mol/liter Plant material. Oilseed rape plants (Brassica naNaOH for NADH or NADPH determination (three reppus L. var. oleifera cv. Samourai) and tomato plants licates). The homogenates were then heated in a boiling (Lycopersicon esculentum L. var. Volgogradskij) were water bath for 5 min, cooled in an ice bath, and centrigrown under controlled conditions as previously described (6) for 6 weeks. The procedure for the extraction of coenzymes was based on that of Zhao et al. (7) . Six replicates of 10 leaf discs (5 mm diameter) were cut after 8 h of illumination from fully expanded leaves shown are the means of triplicates.
and 10,000g. The supernatant was carefully siphoned off and the pellet was solubilized in 1 ml 96% ethanol. Absorbance at 570 nm and spectra from 400 to 800 nm were determined using a 1-ml polystyrene cuvette with a 1-cm light path in a Shimadzu UV-160 spectrophotometer.
RESULTS AND DISCUSSION
Partial purification of the reduced MTT. After addition of NaCl (2 mol/liter final concentration), the enzymatic activity was immediately stopped while the formazan was concomitantly precipitated. The formazan was easily separated from the assay medium after a short centrifugation and then efficiently solubilized in 96% ethanol. No shaking was required prior to re- ubility of the formazan in ethanol was probably the reason for its enhanced absorbance at 570 nm, compared to that obtained with the complete aqueous medium utilized in the original assay described by Matsufuged for 10 min at 4ЊC and 10,000g. Supernatants mura and Miyachi (1) (Fig. 2) . Absorbance was indeed were neutralized with respectively 0.1 mol/liter NaOH increased by about 1.5-fold when performing the or HCl and centrifuged for 10 min at 4ЊC and 10,000g. NAD(H) determination with 100 pmol NAD. The better Final supernatants were kept on ice for the coenzyme resolution of the A 570 nm peak suggests that recording assays.
the spectra from an ethanolic solution enhances accuAssays of coenzymes. The procedure was performed racy. Moreover, it was shown that the formazan was according to the method described by Matsumura and Miyachi (1) . Because of the light sensitivity of PES and MTT, manipulations were carried out in low light. Equal volumes of Tricine-NaOH buffer, EDTA, MTT, PES, and substrates (ethanol or G6P) were mixed just before the assay, and 500 ml of this mixture was transferred to 1.5-ml microtubes. Nicotinamide adenine dinucleotides (4 mmol/liter solutions) or biological samples were added to the mixture (0 to 80 ml) and the volume was brought to 900 ml with 0.1 mol/liter NaCl. Tubes containing the assay media were incubated for 5 min in a 37ЊC water bath. Enzyme cycling was initiated by adding either 100 ml of ADH solution [for NAD(H) determination] or G6PDH solution [for NADP(H) determination]. With each biological sample, a blank measurement was also made by adding 0.1 mol/liter Tricine-NaOH buffer instead of enzyme (1) . Cycling time was 40 min. The ADH reaction was stopped by adding 20 ml of 0.6 mol/liter iodoacetate. tubes with the NaCl were centrifuged for 5 min at 4ЊC quite stable in ethanol; after a 24-h storage period in formazan in the aqueous media. This hypothesis is reinforced by the comparison of the calibration curves of the dark at room temperature, the remaining absorbance was still 85% of that of the initial value, while NAD(H) and NADP(H). The slope for the former declined more slowly than that of the latter. This differit was only about 60% in the assay medium (after vigorous shaking which was necessary to resuspend the ence could be related to the presence of 0.5 mol/liter ethanol in the assay for NAD(H), which may have imformazan).
proved the solubility of the formazan produced. Standard curves. In the original procedure for the determination of either NAD(H) (Fig. 3) 
or NADP(H)
Attempt to miniaturize the assay medium. Because the volume of the assay medium was no longer imposed (Fig. 4) , the apparent saturation was reached at about 200 pmol of adenine dinucleotide per assay, the corre-by that of the spectrophotometric cuvette, an attempt was made to diminish it and thus to restrict the consponding A 570 nm being about 1.3 [determination procedure of NAD(H)] and 1.1 [determination procedure of sumption of reagents. The concentrations of all reagents were maintained (including the enzyme concen-NADP(H)]. When the improved method involving precipitation and solubilization of the formazan in ethanol tration). After adding 100 pmol of NAD / (or NADP / ), the amount of formazan formed after 40 min cycling was used, the saturation was also reached at 200 pmol of adenine dinucleotides, but the corresponding A 570 nm time was only slightly reduced while the volume decreased (by a factor of 1.25 since the volume was rewas about 2.0 in both determination procedures. At this point, Lambert-Beer's law was in fact no longer duced fivefold), until a breakdown point appearing at an assay volume of 120-130 ml (Figs. 5 and 6) . This followed, as confirmed by further dilutions of the ethanolic solutions of the formazan (not shown). In contrast, point probably corresponded to the limit of linearity of the cycling reaction (approximately 800 pmol/ml nicothe apparent saturation obtained in the classical procedure was probably due to the slight solubility of tinamide adenine dinucleotide). It was concluded that the most suitable assay volume was 200 ml assuming centrifugation of the precipitated formazan. However, these disadvantages are minimal in comparison with that the NAD(P) content must be lower than 160 pmol per test tube.
the benefits of using ethanol as the solubilizing agent for the reduced MTT. In summary, ethanol is a conveCoenzyme measurement in extracts from green tissues nient solvent which requires no particular safety preof higher plants. As shown in Table 1, no significant cautions and allows an increase in sensitivity via a differences were found between the results obtained better resolution of the formazan absorbance peak. Fiwith the original method (1 ml assay volume) and the nally, this improved procedure, performed with a five improved method (only 200 ml assay volume). In additime restrictive volume assay, allows a significant spartion, these data are in good agreement with those obing of the needed reagents (advantages and disadvantained currently in plant materials (7, 8) .
tages are summarized in Table 2 ).
CONCLUSION

